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ABSTRACT. - Growth hormone (GH) is involved in many physiological functions such as growth, metabolism, repro¬ 
duction and immunity. In mammals, it is well established that GH release is under a dual hypothalamic control, stimulatory 
by somatoliberin (GHRH) and inhibitory by somatostatin (SRIH). Peripheral hormones such as the insulin-like growth fac¬ 
tors (IGFs) and the thyroid hormones (TH) can also regulate GH release. In non-mammalian vertebrates, a great variability 
of hypothalamic neuropeptides involved in GH stimulation seems to occur. This review underlines the important contribu¬ 
tion of teleost models in the phylogenetic study of GH control. 

Teleost somatotrophs show a high autonomous activity of synthesis and release in vitro in a serum-free medium and 
without any secretagogues. This strong autonomous activity in vitro suggests that these cells are under a dominant inhibi¬ 
tory control in vivo. SRIH and IGF1 have strong inhibitory effects on the release and synthesis of GH in teleosts. Concern¬ 
ing the stimulatory control of GH in teleosts, a great diversity of factors involved exists. Thus, depending on species or 
physiological stage, thyreoliberin, gonadoliberin, corticoliberin and dopamine are able to stimulate GH release. Contrary to 
mammals, in teleosts, PACAP, which is encoded by the same gene as GHRH, stimulates GH release, whereas GHRH has 
lower or no effect. Variable actions of TH in GH control are found among teleosts as well as among other vertebrates. 

In conclusion, the inhibitory control exerted by SRIH and IGF1, which shows a strong molecular and functional con¬ 
servation, could represent the basic neuroendocrine control of GH, established early during evolution, at least in a common 
ancestor of the actinopterygians and the sarcopterygians. In contrast, a great variability is seen among the hypothalamic 
neuropeptides involved in the stimulatory control of GH release. PACAP may represent the ancestral GH-releasing factor, 
whereas GHRH would have acquired a major role during tetrapod and especially mammalian evolution. 


RESUME. - Evolution phylogenetique du controle neuroendocrinien de Fhormone de croissance : apport des modeles 
teleosteens. 

L’hormone de croissance (GH) est impliquee dans de nombreuses fonctions physiologiques, telles que la croissance, le 
metabolisme, la reproduction et l’immunite. Chez les mammiferes, il est bien etabli que la liberation de GH est sous un 
double controle hypothalami que, stimulateur par la somatoliberine (GHRH) et inhibiteur par la somatostatine (SRIH). Des 
hormones peripheriques comme les facteurs de croissance de type insulinique (IGFs) et les hormones thyroi'diennes (HT) 
peuvent egalement agir sur la liberation de GH. Chez les vertebres non-mammaliens, il semble exister une grande diversite 
quant aux neuropeptides hypothalamiques impliques dans la stimulation de GH. Cette revue souligne l’importante contri¬ 
bution des modeles teleosteens dans l’etude phylogenetique du controle de GH. 

Les cellules somatotropes de teleosteens possedent une forte activite autonome de synthese et de liberation in vitro en 
milieu sans serum et en absence de tout secretagogue. Cette importante activite autonome in vitro suggere que ces cellules 
sont soumises in vivo a un controle inhibiteur dominant. SRIH et IGF1 possedent des effets inhibiteurs puissants sur la libe¬ 
ration et la synthese de GH chez tous les teleosteens. En ce qui conceme le controle stimulateur de GH chez les teleosteens, 
une grande diversite de facteurs pouvant intervenir existe. Ainsi, suivant Fespece ou le stade physiologique, la thyreolibe- 
rine, la gonadoliberine, la corticoliberine et la dopamine sont capables de stimuler la liberation de GH. A Finverse de chez 
les mammiferes, chez les teleosteens, PACAP, qui est code par le meme gene que GHRH. stimule la liberation de GH, alors 
que GHRH n’a pas ou moins d’effet. Des roles variables des HT dans le controle de GH sont trouves au sein des teleosteens 
comme des autres vertebres. 

En conclusion, le controle inhibiteur exerce par SRIH et IGF1, qui montre une forte conservation moleculaire et fonc- 
tionnelle, peut representer le controle neuroendocrine de base de la GH, mis en place tot au cours de Fevolution des verte¬ 
bres, au moins chez un ancetre commun aux actinopterygiens et sarcopterygiens. Au contraire, il existe une forte variability 
des neuropeptides hypothalamiques impliques dans le controle stimulateur de la liberation de GH. PACAP pourrait avoir 
joue un role ancestral de facteur de liberation de GH, tandis que GHRH n’aurait acquis un role majeur qu’au cours de 
Fevolution des tetrapodes et en particular chez les mammiferes. 
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Growth hormone (GH) is a pituitary hormone, which 
shares similar structure, function and gene organization with 
prolactin and somatolactin (Ono et al., 1990). GH has been 
found in all taxonomic groups of the jawed vertebrates (gna- 
thostomes) and, recently, also identified in the sea lamprey, 
an extant representative of a group of the most ancient verte¬ 
brates (jawless vertebrates) (Kawauchi et al., 2002). In this 
study, GH appears to be the only member of the GH/prolac- 
tin/somatolactin family in this group, suggesting that GH is 
the ancestral hormone in the molecular evolution of this 
family. 

GH exerts pleiotropic functions in teleosts as in other 
vertebrates. This hormone is better known for its essential 
role in the regulation of body growth and development 
(Bjornsson, 1997; Mommsen, 2001), but it can also influen¬ 
ce osmoregulation (Sakamoto et al., 1993; McCormick, 
2002; Evans, 2002), reproduction (Le Bail, 1988; Le Gac et 
al., 1993) and immunity (Harris and Bird, 2000). GH can 
exert its growth-promoting actions at different levels. Affec¬ 
ting the central nervous system, the hormone may alter 
aggression (Jonsson et al., 1998), physical activity patterns 
(Jonsson et al., 2003) or appetite (Lin et al., 2000). GH can 
influence muscle protein synthesis (Higgs et al., 1975; Inui 
and Ishioka, 1985) directly through muscle GH receptors 
(Yao etal., 1991) or local insulin-like growth factor 1 (IGF1) 
production (Perrot et al., 1999), while, alternatively, it could 
act indirectly through hepatic production of IGF1 which in 
turn alters muscle protein metabolism systemically (Negatu 
and Meier, 1995; Degger et al., 2000) via action on its recep¬ 
tor (Parrizas et al., 1995). Furthermore, GH can control the 
‘supply side’ by increasing intestinal growth (Sun and Far- 
manfarmaian, 1992) and transport phenomena (Collie and 
Stevens, 1985; Reshkin et al., 1989; Farmanfarmaian and 
Sun, 1999). Finally, indirect metabolic controls should not 
be ignored (Company et al., 2001), through effects on glu¬ 
cose utilization (McKeown et al., 1975; Leung et al., 1991), 
use of fat (lipolysis) for energy production (Leatherland and 
Nuti, 1981; Sheridan, 1994; O’Connor et al., 1993) and pro¬ 
tein synthesis (Inui and Ishioka, 1985; Foster et al., 1991; 
Degger et al., 2000). 

In mammals, the regulation of GH release is primarily 
mediated by the dual actions of two hypothalamic hormones: 
growth hormone-releasing hormone (GHRH) stimulates, 
while somatostatin (SRIH) inhibits GH release (Bluet-Pajot 
et al., 1998). In addition, insulin-like growth factor 1 (IGF1) 
secreted by the liver under GH control exerts a negative fee¬ 
dback on GH production (Berelowitz et al., 1981). 

In non-mammalian vertebrates, the situation is different. 
In birds, thyroliberin (TRH) is more potent than GHRH in the 
stimulation of GH release (Harvey, 1990), whereas in turtles, 
corticoliberin (CRH) is a GH-releasing factor as potent as 
TRH and GHRH (Denver and Licht, 1991). In teleosts, it is 
even more complex as the factors involved in GH control 


have been found to be almost as various as the number of 
species studied. This diversity may be related to the pleiotro¬ 
pic functions of GH and the different physiological stages 
studied. The variability of the factors controlling GH in 
teleosts may also reflect the large evolutionary and biological 
diversity of this group encompassing more than twenty thou¬ 
sand species (De Pinna, 1996). The investigation of GH 
control in the European eel ( Anguilla anguilla ), a representa¬ 
tive of a primitive group of teleosts (Elopomorphs), is impor¬ 
tant as it may provide informations on the conservation and 
variation of regulations during teleost evolution. 

Basal release and production of GH in teleosts 

In teleosts, long-term studies have shown that basal 
release and synthesis of GH persists in vitro in the absence 
of secretagogues or serum, using either organ-cultured pitui- 
taries (European eel .Anguilla anguilla'. Baker and Ingleton, 
1975; Japanese eel, Anguilla japonica: Suzuki et al., 1990) 
or primary cultures of isolated pituitary cells (European eel: 
Rousseau et al., 1998, 1999; rainbow trout, Oncorhynchus 
mykiss: Yada et al., 1991; turbot, Psetta maxima'. Rousseau 
et al., 2001). Moreover, the autonomous basal activity of 
somatotrophs in teleosts is remarkably strong, and could be 
only weakly stimulated by GH-releasing factors, suggesting 
that these cells are under a dominant inhibitory control in 
vivo. An extreme situation is observed in turbot in which a 
lack of stimulatory effects of factors such as forskolin (acti¬ 
vator of adenylate cyclase) or phorbol ester (activator of pro¬ 
tein kinase C) is reported, indicating that spontaneous basal 
GH release may already represent the maximal secretory 
capacity of somatotrophs (Rousseau et al., 2001). In this 
species, stimulatory effectors of GH release could be revea¬ 
led only in the presence of somatostatin (Rousseau et al., 
2001), demonstrating that the major control in teleosts is 
inhibitory. This strong spontaneous basal activity of somato¬ 
trophs may be related to the fact that in contrast to mammals 
and birds, growth continues throughout adult life in fish 
(Johnston, 1999). 

Central inhibitory control of growth hormone release 
and synthesis. Somatostatin, a major conserved inhibitor 
of GH release in vertebrates 

Somatostatin (SRIH) was originally isolated from sheep 
hypothalamus and identified as a tetradecapeptide that inhi¬ 
bited the release of GH (Brazeau et al., 1973). In mammals, 
SRIH exists as two biologically active forms, SRIH-14 and 
its NH2-terminal extension of 14 amino acids, SRIH-28; 
both these forms are derived from differential processing of 
a common precursor preprosomatostatin I (PPSS-I) (Patel, 
1999). In contrast, in teleosts two precursors for SRIH, PPSS 
I and PPSS II, encoded by two separate genes, have been 
reported (Conlon et al., 1997; Lin and Peter, 2001), and 
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recently, a third precursor, PPSS III, with [Pro2] SRIH-14 at 
its C terminus, has been isolated from goldfish brain (Lin et 
al., 1999). Posttranslational processing of PPSS I gives rise 
to SRIH-14, whereas PPSS II generates NH2-terminally 
extended forms of SRIH such as anglerfish-28 (a homologue 
of mammalian SRIH-28) and catfish-22. A total conservation 
of the primary structure of SRIH-14 has been found among 
mammals, birds, amphibians, reptiles, teleosts, an elasmo- 
branch and a cyclostom (Conlon et al., 1997). 

In the European eel, SRIH-14 has been isolated and 
sequenced from the pancreas (Conlon et al., 1988). A 
25-amino-acid-residue peptide derived from PPSS II is also 
present (Conlon et al., 1988). SRIH-14 immunoreactive 
perikarya were observed in the brain, and fibers shown in the 
pituitary on the basal lamina along GH cells (Olivereau et 
al., 1984). SRIH-14 dose-dependently inhibited GH release 
from pituitary cells in vitro, for up to 12 days without desen¬ 
sitization and with a maximal effect of 95% inhibition 
(Rousseau et al., 1998). Mammalian SRIH-28 was equipo- 
tent with SRIH-14 in reducing GH release. Measurement of 
GH cell content indicated that SRIH was also able to inhibit 
GH synthesis, a result that was confirmed by assay of eel GH 
mRNA. These results underline the possible existence of a 
chronic physiological inhibitory control in vivo of GH 


release and synthesis by somatostatin in the eel. This is 
consistent with the strong and sustained spontaneous activity 
of eel GH cells observed when isolated from all hypothala¬ 
mic outputs and in absence of secretagogues in vitro (Rous¬ 
seau et al., 1998). 

Other in vitro studies also demonstrated SRIH inhibition 
of GH release in all the teleost species studied so far (gold¬ 
fish, Carassius auratus : Wong et al., 1993a; tilapia, Oreo- 
chromis mossambicus: Fryer et al., 1979; Melamed et al., 
1995,1996; rainbow trout, Oncorhynchus mykiss: Luo et al., 
1990; Le Bail etal., 1991; Luo and McKeown, 1991a; Perez- 
Sanchez et al., 1992; Japanese eel: Suzuki et al., 1990; tur¬ 
bot: Rousseau et al., 2001). In the goldfish, SRIH was also 
shown to be inhibitory in vivo when injected intraperitoneal- 
ly (Cook and Peter, 1984). However, in contrast to its action 
in the eel, SRIH-14 does not suppress expression of GH gene 
in rainbow trout (Yada and Hirano, 1992) or tilapia (Mela¬ 
med et al., 1996). Whereas in goldfish mammalian SRIH-28 
was equipotent with SRIH-14 in reducing basal GH secre¬ 
tion, catfish SRIH-22 and salmon SRIH-25 were not effecti¬ 
ve in inhibiting GH release in vitro (Marchant et al., 1987; 
Marchant and Peter, 1989). Nevertheless, catfish SRIH-22 
was shown to inhibit GH secretion from rat anterior pituitary 
cells (Oyama et al., 1980) and in coho salmon, Oncorhyn- 
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Figure 1. - Conservation of the central and peripheral inhibitory controls of growth hormone (GH) release in teleosts. In all teleost species 
investigated, GH release is inhibited centrally by the brain neuropeptide somatostatin (SRIH) and peripherally by the hepatic insulin like 
growth factor 1 (IGF1), the secretion of which is stimulated by GH. 
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Figure 2. - Conservation of the inhibitory con¬ 
trol of GH release in vertebrates. The con¬ 
served inhibitory control exerted by SRIH and 
IGF 1 may represent the basic neuroendocrine 
control of GH, established early during verte¬ 
brate evolution, at least in an ancient osteich- 
thyan species, common ancestor of the acti- 
nopterygian and the sarcopterygian lineages. 
Further investigations in representatives of 
earlier groups, such as chondrichthyes, lam¬ 
preys, and myxins would allow to trace a pos¬ 
sible more ancient origin of these inhibitory 
controls. 
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chus kisutch, SRIH-14, mammalian SRIH-28 and SRIH-25 
significantly decreased plasma GH concentrations (Diez et 
al., 1992). The recent cloning and localisation of 8 somatos¬ 
tatin receptors (two type-one, one type-two, two type-three 
and three type-five) in the goldfish demonstrated the predo¬ 
minant expression of both sst2 and sst5 in the pituitary which 
is consistent with the findings in mammals that sst2 and sst5 
are predominantly expressed in pituitary somatotrophs and 
involved in the direct regulation of GH secretion (Lin and 
Peter, 2003). Previous data using receptor subtype-selective 
somatostatin agonists in the eel suggested the existence of 
SRIH receptor(s) related to mammalian sst2/sst3/sst5 class 
rather than to sstl/sst4 class on somatotrophs (Rousseau et 
al., 1998). 

These data indicate that SRIH is an inhibitor of basal GH 
release in all teleosts studied so far. In contrast, in other ver¬ 
tebrates such as birds (Hall and Chadwick, 1976; Harvey et 
al., 1978; Leung and Taylor, 1983; Perez et al., 1987), turtles 
(Hall and Chadwick, 1984) and amphibians (Hall and Chad¬ 
wick, 1984; Jeandel et al., 1998), its inhibitory action may 
require the presence of stimulators of GH release and is sub¬ 
ject to rapid desensitization. 

In summary, these data indicate that somatostatin is a 
potent inhibitor of GH release in teleosts (Fig. 1) as in other 
vertebrates (Fig. 2) and may represent the major ancestral 
control of GH during evolution. 


Central stimulatory control of growth hormone release 
and synthesis 

PACAP, instead ofGHRH, may be the major GH-releasing 
factor in teleosts 

In mammals, GHRH represents the major stimulator of 
GH release. Nevertheless, its sequence is not well conserved 
during evolution, with fish GHRHs sharing only 35-40% 
identity with human GHRH and 58-91% between them 
(Chan et al., 1998). Pituitary adenylate cyclase-activating 
polypeptide (PACAP) is a 38-amino acid C-terminally-ami- 
dated polypeptide that was first isolated from ovine hypotha¬ 
lamus for its ability to stimulate adenylate cyclase activity in 
rat pituitary cells (Miyata etal., 1989). Processing of PACAP 
can generate a 27-amino acid amidated peptide (PACAP27), 
which possesses the same biological activity as PACAP38 
(Miyata et al., 1990). PACAP is a member of the VlP/secre- 
tin/glucagon/GHRH/GIP superfamily (Vaudry et al., 2000). 
In contrast to GHRH, its sequence is highly conserved during 
evolution from protochord ate s to mammals (Montero et al., 
2000). Interestingly, PACAP and GHRH have been shown to 
be encoded by the same gene in non-mammalian species 
including an urochordate (McRory and Sherwood, 1997a), 
teleosts (Parker et al., 1993; McRory et al., 1995), amphi¬ 
bians (Alexandre et al., 2000; Hu et al., 2000) and birds 
(McRory et al., 1997), while they are encoded by two dis¬ 
tinct homologous genes in mammals (Ogi et al., 1990, 
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Ohkubo et al., 1992; Okazaki et al., 1995). Studies conduc¬ 
ted in mammals have shown that PACAP and its receptors 
are widely distributed in the central nervous system and in 
peripheral tissues (Vaudry et al., 2000). 

In the eel, PACAP was characterized in the brain by 
HPLC and R1A studies and a major form co-eluted with 
mammalian PACAP38 (Montero et al., 1998). Immunocyto- 
chemical studies in the eel indicated a strong innervation by 
PACAP-immunoreactive fibers of the pars distalis of the 
pituitary, where somatotrophs are located (Montero et al., 
1998). In contrast, only rare GHRH immunoreactive fibers 
were detected in this region. Both PACAP 38 and 27 were 
able to stimulate GH release by eel pituitary cells with the 
same maximal effect (about 300% over basal release) (Mon¬ 
tero et al., 1998; Rousseau et al., 1999). PACAP GH- 
releasing effect was maximal at 24h of incubation and then 
submitted to desensitization. Dose-response studies indica¬ 
ted that PACAP38 was approximately 12 times more potent 
than PACAP27. No effect on GH release was observed in 
vitro using either human GHRH or goldfish GHRHs (carp¬ 
like and catfish-like) (Leung et al., 1999) at any doses and 
any time of incubation (Rousseau et al., 2001). 

PACAP was also shown to be effective in stimulating GH 
release in all teleost species studied (salmon: Parker et al., 
1997; goldfish: Wong et al., 1998a; turbot: Rousseau et al., 
2001). Treatment with human GHRH was reported to stimu- 

Superorder 


late GH release in rainbow trout in vitro (Le Bail et al., 1991) 
and goldfish in vivo (Peter et al., 1984). In cyprinids, a 
GHRH-like peptide has been isolated from the carp hypotha¬ 
lamus and found to stimulate GH release, in goldfish in vitro 
from pituitary fragments and in vivo (Vaughan et al., 1992), 
and in rainbow trout from pituitary cells (Luo et al., 1990; 
Luo and McKeown, 1991a). Nevertheless, in goldfish pitui¬ 
tary, rare GHRH-immunoreactive fibers were observed in 
the region of GH cells, whereas strong PACAP immunoreac- 
tivity was found in the pars distalis where somatotrophs are 
located (Rao et al., 1996; Wong et al., 1998a). In all species 
studied so far (salmon: Parker et al., 1997; goldfish: Wong et 
al., 1998a; European eel: Montero et al., 1998; Rousseau et 
al., 1999), PACAP was far more efficient than GHRH in sti¬ 
mulating GH release. The lack of GH-releasing effect obser¬ 
ved in the eel was also reported in turbot (Rousseau et al., 
2001), while GHRH had a very limited effect in salmon 
(Parker et al., 1997), in tilapia (Melamed et al., 1995) and 
catfish (Lescroart et al., 1996). 

In the frog, PACAP and GHRH possess similar stimula¬ 
tory effects on GH release in vitro (Martinez-Fuentes et al., 
1994), while in chicken (Peeters et al., 1998) and mammals 
(Nagy et al., 1993; Goth et al., 1992), PACAP is a less potent 
GH-releasing factor than GHRH. 

These data strongly suggest that PACAP, instead of 
GHRH, may be the major GH-releasing factor in teleosts 
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Figure 3. - Variability of the stimulatory control of GH in teleosts. A diversity of neurohormones have been shown to act as GH-releasing 
factors in teleosts, with variations depending on the species and physiological status. Pituitary adenylate cyclase-activating polypeptide 
(PACAP) may represent a common major factor. CRH: corticotropin-releasing hormone; DA: dopamine; GHRH: growth hormone-releas¬ 
ing hormone; GnRH: gonadotropin-releasing hormone; TRH: thyrotropin-releasing hormone. 
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Figure 4. - Variability of the stimulatory con¬ 
trol of GH in vertebrates. A great variability 
is seen among the hypothalamic neuropep¬ 
tides involved in the stimulatory control of 
GH. PACAP may represent an ancestral GH- 
releasing factor, whereas growth hormone¬ 
releasing hormone (GHRH) would have 
acquired a major role during mammalian 
evolution. Further investigations in represen¬ 
tatives of earlier groups of actinopterygians 
(such as chondrosteans) and of sarcoptery- 
gians (such as dipnoi) would allow to con¬ 
firm the nature of the ancestral stimulatory 
control in osteichthyes. 
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(Fig. 3). GHRH may have progressively acquired its major 
role in the stimulatory control of GH during later tetrapod 
evolution (Fig. 4). 

Diversity and species variations in GH-releasing factors in 
teleosts (Tab. I; Fig. 3) 

Beside PACAP or GHRH, a variety of other neurohor¬ 
mones have been shown to act as GH-releasing factor in 
teleosts, with species-specific variations. Gonadotropin¬ 
releasing hormone (GnRH) decapeptides are the primary sti¬ 
mulators of gonadotropin secretion in vertebrates. The pri¬ 
mary structures of 23 GnRHs are known at this time (Adams 
et al ., 2003). In the brain, cGnRH-II generally coexists with 
one or more GnRH forms in all the major vertebrates groups 
including mammals, birds, reptiles, amphibians and teleost 
fishes (Montero and Dufour, 1996; Lin et al., 1998). In the 
goldfish, salmon GnRH (sGnRH), sea bream GnRH (sbGn- 
RH), herring GnRH, cGnRH II and some analogs of mam¬ 
malian GnRH were effective in stimulating both GH release 
(in vivo: Marchantef al., 1989; in vitro: Chang and de Leeuw, 
1990; Murthy et al., 1994; Carolsfeld et al., 2000) and GH 
mRNA (Klausen et al., 2001,2002). These results are consis¬ 
tent with the finding of GnRH receptors on goldfish somato- 
tropes (Cook et al., 1991). GnRHs were also reported to sti¬ 
mulate GH release in tilapia (Melamed et al., 1995, 1998) 
and both GH release and mRNA levels in common carp, 


Cyprinus carpio (Li et al., 2002). In contrast, in the eel, 
mammalian GnRH (mGnRH) and chicken GnRH II (cGnRH 
II), the two GnRH forms present in the hypothalamo-pituita- 
ry axis (Montero et al., 1994) did not have any effect on GH 
release in vitro (Rousseau et al., 1999). In the rainbow trout, 
the effect of GnRH on GH release is still controversial as 
stimulatory (Le Gac et al., 1993) and no effects (Blaise et 
al., 1995a) have been reported, even when GnRH neurons 
were shown to project to GH cells (Parhar and Iwata, 1994). 
Weil et al. (1999) showed that GH cells in rainbow trout 
required exposure to IGF1 to be responsive to GnRH, and 
Madigou et al. (2000) reported a weak expression of GnRH 
receptor in the proximal pars distalis of trout pituitary. In 
another salmonid, the sockeye salmon ( Oncorhynchus 
nerka), GnRH analog did not induce significant increase in 
the levels of GH mRNAs in vivo (Taniyama et al., 2000). In 
African catfish ( Clarias gariepinus), GnRH was not able of 
inducing GH release (Lescroart et al., 1996) and specific 
binding sites for GnRH cannot be found on catfish somato- 
tropes (Bosma et al., 1997). No effect of the three forms 
(cGnRH II, sGnRH and sbGnRH) found in recent teleosts 
such as percomorphs were observed on GH release from tur¬ 
bot pituitary cells (Rousseau et al., 2001). 

Thyrotropin-releasing hormone (TRH), a tripeptide ini¬ 
tially discovered for its stimulatory effect on thyrotropin 
(TSH) release in mammals, was shown to be a GH secreta- 
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Table I. - Variability of the stimulatory control of growth hormone 
(GH) release in teleosts. +: stimulatory effect; 0: no effect; +/- stim¬ 
ulatory or inhibitory effect. CRH: corticotropin-releasing hormone; 
DA: dopamine; GHRH: growth hormone-releasing hormone; 
GnRH: gonadotropin-releasing hormone; PACAP: Pituitary adeny¬ 
late cyclase-activating polypeptide; TRH: thyrotropin-releasing 
hormone. 


GH-releasing 

factors 

Action 

Species 

References 


+ 

rainbow trout 

Luo et al., 1990 


+ 

goldfish 

Vaughan et al., 1992 


+ 

salmon 

Parker et al., 1997 

GHRH 

+ 

tilapia 

Melamed et al., 1995 


+ 

African catfish 

Lescroart et al., 1996 


0 

European eel 

Montero et al., 1998 


0 

turbot 

Rousseau et al., 2001 


+ 

salmon 

Parker et al., 1997 

PACAP 

+ 

European eel 

Montero et al., 1998 


+ 

goldfish 

Wong et al., 1998 


+ 

turbot 

Rousseau et al., 2001 


+ 

goldfish 

Chang et al., 1990a 


+ 

tilapia 

Melamed et al., 1995 


+ 

carp 

Li et al., 2002 

GnRH 

+ 

rainbow trout 

Le Gac et al., 1993 


0 

rainbow trout 

Blaise et al., 1995a 


0 

African catfish 

Lescroart et al., 1996 


0 

European eel 

Rousseau et al., 1999 


0 

turbot 

Rousseau et al., 2001 


+ 

goldfish 

Trudeau et al., 1992 


+ 

carp 

Lin et al., 1993 

TRH 

0 

tilapia 

Melamed et al., 1995 


0 

European eel 

Rousseau et al., 1999 


0 

turbot 

Rousseau et al., 2001 

CRH 

+ 

European eel 

Rousseau et al., 1999 

0 

turbot 

Rousseau et al., 2001 


+ 

goldfish 

Chang et al., 1985 


+ 

tilapia 

Melamed et al., 1995 

DA 

+ 

carp 

Wong et al., 1998b 


+ 

rainbow trout 

Agustsson et al., 2000 


0 

European eel 

Vidal et al., 2000 

Ghrelin 

+ 

tilapia 

Kaiya et al., 2003a, 2003b 

Melatonin 

+/- 

rainbow trout 

Falcon et al., 2003 


gogue in vitro in the goldfish (Trudeau et al., 1992), and in 
the carp (Lin et al., 1993; Kagabu et al., 1998), but was inef¬ 
fective in tilapia (Melamed et al., 1995), turbot (Rousseau et 
al., 2001), nor in eel (Rousseau et al., 1999). The lack of 
effects of GnRH, TRH and DA in the eel may be related to 
teleost species differences, biological cycle and/or to the 
physiological stage studied. Indeed, for example, in the gol¬ 
dfish, GH response to GnRH and TRH has been shown to be 


higher in sexual mature fish and was potentiated by steroid 
treatment (Trudeau et al., 1992). TRH has been shown to be 
a potent GH releasing factor in some chelonian reptiles 
(Denver and Licht, 1991) and birds (Harvey, 1990). 

In mammals, corticotrophin-releasing hormone (CRH) is 
acknowledged as the primary hypothalamic factor mediating 
stress-induced adrenocorticotropin (ACTH) secretion from 
the anterior pituitary (Rivier and Plotsky, 1986). Its sequen¬ 
ce, as well as its ACTH-releasing action, has been highly 
conserved throughout vertebrate evolution, from teleosts to 
mammals (Lovejoy and Balment, 1999). We demonstrated 
that CRH is able to induce GH release by eel somatotrophs 
in a dose-dependent manner, with a maximal effect > 400%. 
As for PACAP, GH-releasing effect of CRH was submitted 
to desensitization. The only other study investigating CRH 
action on GH release in teleosts was performed in turbot in 
vitro. In this species, CRH was not active in stimulating GH 
release (Rousseau et al., 2001). This suggests that the activi¬ 
ty of CRH on GH in the eel may be related to the special 
biological cycle of this species. In this teleost, mobilization 
of energy stores is specially required to fullfill gonadal 
growth and reproductive migration (Larsen and Dufour, 
1993). It is known in teleosts (Sheridan, 1994) as well as in 
mammals (Goodman, 1993) that cortisol and GH may inte¬ 
ract in metabolic processes during stress or fasting by stimu¬ 
lating lipid mobilization. Thus, we may hypothesize that in 
the eel, CRH acts as a potential coordinator for activating 
both corticotropic and somatotropic axes during critical 
developmental or physiological events, such as silvering, 
fasting and reproductive migration. In reptiles, CRH has 
been shown to stimulate GH release in vitro, but with less 
potency than GHRH and TRH (Denver and Licht, 1989, 
1990, 1991). In the rat, CRH has no direct effect on GH 
release in vitro by pituitary cells (Vale et al., 1983; Mounier 
et al., 1997), but a recent study demonstrated that CRH 
injected directly into the median eminence inhibited GH 
secretion (Frias et al., 1999). In humans, CRH was reported 
to have a stimulatory action on GH release under stress situa¬ 
tions such as fasting (Ho et al., 1988) and exercise (Pyka et 
al., 1992), and in some pathologies (depression: Lesch et al., 
1988; acromegaly: Pieters et al., 1984; Cushing’s disease: 
Loli et al., 1998). 

A brain catecholamine, dopamine, was shown to be acti¬ 
ve as a GH-releasing factor via Dl-like receptors in the gol¬ 
dfish (Chang et al., 1985,1990; Wong et al., 1992,1993a,b), 
carp (Wong et al., 1998b), tilapia (Melamed et al., 1995, 
1996), and rainbow trout (Agustsson et al., 2000). In 
contrast, dopamine had no effect on eel GH release (Vidal et 
al., 2000). Accordingly, none of the four D1 receptor subty¬ 
pes cloned in the European eel were found to be expressed in 
the somatotroph area of the eel pituitary (Kapsimali et al., 
2000 ). 

Recently, melatonin was shown to have a direct action on 
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GH release by trout pituitary cells in vitro (Falcon et al., 
2003), inducing a dose-dependent increase in GH release. 
However, in the presence of forskolin (adenylate cyclase 
activator) melatonin had an inhibitory effect at low doses 
and stimulatory one at high doses (Falcon et al., 2003). Pre¬ 
liminary data in the eel, in vivo , indicate that implantation of 
melatonin induces a significant decrease in GH pituitary 
levels (Ph. Chemineau and S. Dufour, unpublished data). 

The evolutionary occurrence of such a diversity in GH- 
releasing factors in teleosts may have been facilitated by the 
strong basal release of GH and the presence of a conserved 
major inhibitory control exerted by somatostatin. 

Role of GH-releasing peptides in teleosts 

In the 80’s, the synthesis of growth-hormone-releasing 
peptides (GHRPs, or Growth Hormone secretagogues, 
GHSs) was reported by Bowers’ laboratory (Bowers et al., 
1980; Momany et al., 1981). In mammals, the effects of 
these synthetic peptides on GH have been extensively stu¬ 
died and have been shown to be rapid, to undergo desensiti¬ 
zation and to be similar to those of endogenous GHRH 
(Smith et al., 1997; Bowers, 1998). Their actions are media¬ 
ted by a specific G-protein coupled receptor which is a dis¬ 
tinct receptor from that of GHRH and which was, until 
recently, a so called orphan receptor, i.e. with no known 
natural ligand (Howard et al., 1996; McKee et al., 1997; 
Smith et al., 1999). In 1999, Kojima et al. purified from rat 
stomach the endogenous ligand of this receptor and named it 
“ghrelin” (Kojima et al., 1999; for review: Kojima et al., 

2001) . Since then, ghrelin has been cloned in other vertebra¬ 
te species (bullfrog: Kaiya et al., 2001; chicken: Kaiya et al., 
2002; teleosts: Unniappan et al., 2002; Kaiya et al., 2003a, 
2003b; Parhar et al., 2003), and its sequence shows a low 
conservation during evolution. 

Ghrelin is able to stimulate GH release in mammals when 
administered intravenously (rat: Kojima et al., 1999; human: 
Takaya et al., 2000; Arvat et al., 2000), centrally (rat: Date et 
al., 2000) or given to primary pituitary cells (Kojima et al., 
1999). Ghrelin is more potent than GHRH in vivo in humans 
(Arvat et al., 2000, 2001), and in rats (Seoane et al., 2000; 
Tolle et al., 2001). Nevertheless, in rats, its GH-releasing 
activity in vitro is only comparable with (Kojima et al., 
1999) or less (Yamazaki et al., 2002; Pinilla et al., 2003) 
than that induced by GHRH. 

In birds, administration of human ghrelin increases GH 
concentrations with the same potency as human GH- 
releasing hormone, but with less potency than TRH (Ahmed 
and Harvey, 2002). Administration of chicken ghrelin 
increases plasma GH levels in both rats and chicks, with a 
potency similar to that of rat or human ghrelin (Kaiya et al., 

2002) . In vitro, ghrelin is a dose-related GH-releasing factor 
with potency comparable with that induced by human 


GHRH (Baudet and Harvey, 2003). In amphibians, bullfrog 
ghrelin stimulated the secretion of GH in dispersed bullfrog 
pituitary cells with potency 2-3 orders of magnitude greater 
than that of rat ghrelin; however, it was only minimally 
effective in elevating plasma GH levels following intrave¬ 
nous injection into rats (Kaiya et al., 2001). These results 
indicate that, although the regulatory mechanism of ghrelin 
to induce GH secretion is evolutionary conserved, the struc¬ 
tural changes in the different ghrelins result in species-speci¬ 
fic receptor binding. 

A receptor for GH secretagogues was also identified in 
the pufferfish and was shown to be very similar to the one 
observed in mammals (Palyha et al., 2000). Recently, the 
cloning of ghrelin in goldfish (Unniappan et al., 2002), in 
Japanese eel (Kaiya et al., 2003a) and in tilapia (Parhar et 
al., 2003) was reported. The expression of ghrelin was 
highest in stomach, but also found in many species in brain, 
intestine, kidney, spleen and gill (Unniappan et al., 2002; 
Kaiya et al., 2003a and b). In Lota lota, a ghrelin-immuno- 
reactive peptide has been detected in plasma; its concentra¬ 
tions were low before and during reproduction, but they rose 
after spawning (Mustonen et al., 2002). Levels of gastric 
ghrelin mRNA have been reported to increase dependently 
to age/body size in the tilapia (Parhar et al., 2003). 

Eel ghrelin was reported to stimulate GH release directly 
from organ-cultured tilapia pituitary, and to increase plasma 
GH concentrations in rats after intravenous injections with 
the same potency as rat ghrelin (Kaiya et al., 2003a). In tila¬ 
pia, Shepherd et al. (2000) have shown that the synthetic GH 
secretagogue, GHRP-2, stimulated GH release in vivo with 
the same potency as GHRH. Rat ghrelin was found to be 
able to increase GH release in tilapia in vitro (Riley et al., 
2002) and recently, the homologous, tilapia ghrelin, was clo¬ 
ned and shown to stimulate GH release from organ-cultured 
tilapia pituitary (Kaiya et al., 2003b). 

Peripheral control of growth hormone release and pro¬ 
duction 

Conserved negative feedback by IGFs in vertebrates 

The two insulin-like growth factors (IGF 1 and IGF 2), 
structurally related to insulin, are both highly conserved in all 
vertebrates (Reinecke and Collet, 1998). The two forms have 
been identified in gnathostomes, whereas a single molecular 
form of IGF has been cloned in agnathans (hagfish: Nagamay- 
su et al., 1991; sea lamprey: Kawauchi et al., 2002) and in 
protochordate species (amphioxus: Chan et al., 1990; tunicate: 
McRory and Sherwood, 1997b). IGF1 is known as a major 
growth factor secreted by the liver under the control of GH, 
from mammals (Le Roith et al., 2001) to lamprey (Kawauchi 
et al., 2002). In return, IGF1 exerts an inhibitory feedback 
control on pituitary GH production (Le Roith et al., 2001). 
The physiological role of IGF 2 is less well documented. 
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The eel IGF sequences have not yet been characterized, 
but messenger RNA in the liver of Japanese eel was able to 
hybridize with a coho salmon IGF1 probe (Duan and Hirano, 
1992). IGF1 immunoreactivity was also detected in the plas¬ 
ma of American eel using a radioimmunassay for coho sal¬ 
mon IGF1 (Moriyama et al., 1994). In term of bioactivity, 
mammalian IGF1 is highly effective in stimulating sulphate 
uptake by branchial cartilage in the Japanese eel (Duan and 
Hirano, 1990; Duan and Hirano, 1992; Moriyama et al., 
1995). We demonstrated a strong inhibitory effect of IGF1 
(up to 85% of inhibition) on GH release by eel pituitary cells 
(Rousseau et al., 1998; Huang et al., 1999a). This effect was 
dose-dependent and not submitted to desensitization. A simi¬ 
lar effect was observed with IGF2, while insulin was 1000 
times less active (Rousseau et al., 1998). The specificity of 
the inhibitory action of IGFs was further demonstrated by the 
lack of effect of another growth factor, bFGF (Rousseau et 
al., 1998). IGF1 also strongly inhibited GH synthesis (Rous¬ 
seau et al., 1998). Assay of GH mRNA in eel pituitary cells 
confirmed the inhibitory effect of IGF1 on GH expression. 

Inhibitory effects of IGFs were also demonstrated on GH 
release in the rainbow trout (in vivo and in vitro'. Perez-San- 
chez et al., 1992; Blaise et al., 1995b), and on both GH 
release and mRNA in tilapia (Melamed et al., 1998; Kajimu- 
ra et al., 2002) and hybrid striped bass ( Morone saxatilis x 
M. chrysops ) (Fruchtman et al., 2000) (Fig. 1). In the turbot, 
the type I receptor (Elies et al., 1999) and IGFs (1 and 2) 
(Duval et al., 2002) were cloned and in a homologous sys¬ 
tem, these IGFs were shown to inhibit with the same poten¬ 
cies GH release in vitro (Duval et al., 2002). These data are 
in agreement with the reported IGF1-binding sites to pituita¬ 
ry glands in rainbow trout (Blaise et al., 1995b) and in hybrid 
striped bass (Fruchtman et al., 2002). 

In mammals, the IGF polypeptides were also shown to 
inhibit GH synthesis and release directly at the pituitary level 
(Berelowitz et al., 1981; Yamashita and Melmed, 1986; 
Namba et al., 1989; Weber et al., 1992). These data suggest 
that the negative feedback by IGFs represents an ancestral 
mechanism of regulation of the somatotropic axis highly 
conserved throughout vertebrate evolution (Fig. 2). 

In mammals and teleosts, GH is known to regulate IGF1 
(Duan, 1997). Nevertheless, for IGF2, the data are still 
inconsistent. In rats, IGF2 was shown to be either regulated 
by GH (Kim et al., 1993) or not (Adams et al., 1983), and in 
human, GH was suggested to be a physiological regulator of 
IGF2 (von Horn et al., 2002). In teleosts, the GH-dependen- 
ce of IGF2 seems to vary according to species: stimulation 
by GH in rainbow trout (Shamblott et al., 1995) and com¬ 
mon carp (Tse et al., 2002), but not in sea bream, Sparus 
aurata (Duguay et al., 1996) and zebrafish, Danio rerio 
(Maures et al., 2002). In mammals, IGF2 seems to be related 
to fetal growth (Daughaday and Rotwein, 1989), although in 
human, in contrast to rat, high IGF2 plasma levels are found 


in adults (Gluckman and Ambler, 1993). Its physiological 
role in fish has not been clearly identified. Compared to 
mammals and birds, in fishes, growth continues throughout a 
much greater period of adult life and at a lower rate (Johns¬ 
ton, 1999). In rabbitfish, Siganus guttatus, IGF2 mRNA was 
shown to be expressed in unfertilized eggs and during the 
cleavage stage, whereas IGF1 mRNA expression was first 
observed soon after hatching (Ayson et al., 2002), sugges¬ 
ting as in mammals that IGF2 is probably more important 
than IGF1 during embryogenesis and that IGF1 exerts more 
influence on growth and development in later life stages. 
Nevertheless, in other teleosts (gilthead seabream: Funkens- 
tein et al., 1996, Perrot et al., 1999; rainbow trout: Greene 
and Chen, 1997; common carp: Tse et al., 2002), both IGF2 
and IGF1 were detected in larvae, juvenile and adult fish, 
demonstrating a possible important role of both IGFs during 
growth and development throughout life in these species. 

Species-variations in the feedback by thyroid hormones 

Thyroid hormones (TH: T3 and T4) and GH are thought 
to play synergistic roles in the control of growth and develo¬ 
pmental processes in vertebrates. The thyrotropin releasing 
hormone (TRH) (and CRH in some vertebrates) stimulates 
the synthesis and secretion of thyrotropin (TSH) by the pitui¬ 
tary. TSH, then, acts on the thyroid to induce the synthesis of 
T4, which is peripherally deiodinated into biologically active 
T3. 

In the European eel, GH has been reported to increase 
circulating T3 by stimulation of peripheral 5’-monodeiodi- 
nation (de Luze and Leloup, 1984). Both T3 and T4 inhibited 
GH release by eel somatotrophs in vitro in a dose-dependent 
manner up to a maximal inhibition of 50% (Rousseau et al., 
2002). Other hormones acting also via the nuclear receptor 
superfamily, such as sexual steroids (testosterone, estradiol 
and progesterone) and corticosteroid (cortisol) had no effect 
on GH release in vitro, indicating a specificity of TH regula¬ 
tory effect on GH (Huang et al., 1999b; Rousseau et al., 
2002). This inhibitory effect of TH on GH release was in 
agreement with a previous study by Baker and Ingleton 
(1975). We also demonstrated that TH were able to inhibit 
GH synthesis by eel somatotrophs by decreasing GH mRNA 
steady levels (Rousseau et al., 2002). In vivo, we also found 
that administration of T3 or T4 significantly reduced pituita¬ 
ry and serum GH levels. Thus, the inhibitory control of GH 
release by TH may be viewed as a negative feedback in the 
interactions between somatotropic and thyrotropic axes. TH 
inhibition of GH may also participate in the reduction of GH 
production and cessation of body growth at silvering (Mar- 
chelidon et al., 1996). 

In other teleosts, studies reported a stimulatory or no 
effect of TH on GH. In the carp, in vitro, T3 was found to 
increase GH mRNA levels (Farchi-Pisanty et al., 1995) but 
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to have no effect on GH release (Luo and McKeown, 

1991b). In the rainbow trout in which GH stimulates 
hepatic deiodinase activity (MacLatchy et al., 1990), 
in vivo treatment with T3 increased steady levels of 
GH mRNA, but with no alterations in pituitary or 
plasma levels (Moav and McKeown, 1992). Moreo¬ 
ver, while at lower doses T3 had a marginal effect on Pituitary 
GH release, at higher doses it reduced GH release by 
rainbow trout pituitary cells in vitro (Luo and 
McKeown, 1991b). In tilapia, no effect of T3 was Periphery 
observed in vitro (Nishioka et al., 1985). A recent 
study in tilapia reports that T3 stimulates hepatic 
IGF1 mRNA expression in vivo and in vitro (Schmid 
et al., 2003), indicating a possible negative effect of 
T3 on GH via IGF1. 

Species-related variations in TH effects on GH 
were also observed among mammals. In vitro, whereas 
in the rat T3 was shown to stimulate GH mRNA levels 
(Samuels and Shapiro, 1976), it reduced them in bovi¬ 
ne (Silverman et al., 1988) and human (Valcavi et al., 

1992). In other vertebrates such as birds (Harvey, 

1990; Denver and Harvey, 1991) and reptiles (Denver 
and Licht, 1988), a negative effect of TH on GH was 
observed. In birds, as in the eel, the inhibitory action of TH on 
GH may be interpreted as a negative feedback in the interac¬ 
tions between somatotropic and thyrotropic axes as GH is able 
to stimulate thyroid function (Kuhn et al., 1987). 


Somatotropic neuroendocrine axis 
Mammals Teleosts 


+/- 



SPIN 

-V 


+/- 


T3/T4 


PACAP 

GHRH, TRH, GnRH. DA 
GH 


1 


L - IGF1 


T3/T4 


Figure 5. - Somatotropic neuroendocrine axis in mammals and in teleosts. 
In mammals, the regulation of GH release is primarily mediated by the dual 
actions of two hypothalamic hormones: GHRH stimulates, while SRIH 
inhibits GH release. In addition, IGF1 secreted by the liver under GH con¬ 
trol exerts a negative feedback on GH production. Other hormones such as 
thyroid hormones (T3/T4) produced by the thyroid are able to either induce 
or inhibit GH release depending on the species. In teleosts, the inhibitory 
controls exerted by SRIH and by IGF1 are conserved compared to mam¬ 
mals. In contrast, GHRH action is not observed in all teleost species studied 
so far, whereas various other neurohormones may act as GH-releasing fac¬ 
tors, depending on the species and physiological stage. PACAP may repre¬ 
sent the ancestral GH-releasing factor in teleosts. As in mammals, thyroid 
hormones effect on GH release can be either stimulatory or inhibitory, 
according to the species. 


CONCLUSIONS 

Investigation of the neuroendocrine regulation of GH in 
teleosts (Fig. 5) has provided important information on the 
conservations and variations of the somatotropic axis during 
vertebrate evolution (Figs 1 to 4). The major control of GH 
production in teleosts is inhibitory, as suggested by the high 
autonomous activity of somatotrophs in culture. The inhibi¬ 
tory controls exerted by the neurohormone, somatostatin, 
and by the hepatic growth factor(s) IGFs are largely conser¬ 
ved throughout vertebrate evolution. They could represent 
the basic neuroendocrine control of GH, established early 
during vertebrate evolution, at least in a common ancestor of 
the actinopterygian and the sarcopterygian lineages. In 
contrast, the factors which are involved in the stimulatory 
regulation of GH exhibit important variations among teleosts 
as well as among vertebrates. In teleosts, this variability of 
GH-releasing peptides may be related to species, biological 
cycle and/or physiological stages. In vertebrate evolution, 
PACAP may represent an ancestral GH-releasing factor, pro¬ 
gressively replaced by GHRH in tetrapods. A high variability 
in the control (positive or negative) exerted by thyroid hor¬ 


mones on GH was also abserved among teleosts as among 
other vertebrates. 

All these data emphasize the relevance of functional stu¬ 
dies, in addition to characterization of molecular sequences, 
in order to reveal the functional conservation and variations 
of the neuroendocrine regulatory systems in vertebrates. 
Investigations on additional species, representative of 
various groups of vertebrates, would allow to further deter¬ 
mine the ancestral features of the somatotropic neuroendo¬ 
crine axis and its functional evolution throughout vertebrate 
lineages. 
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